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N=2,4 Supersymmetric Gauge Field Theory in 2T-physics 



In the context of Two Time Physics in 4+2 dimensions we construct the most general N=2,4 
supersymmetric Yang Mills gauge theories for any gauge group G. This builds on our previous 
work for N=l supersymmetry. The action, the conserved SUSY currents, and the off-shell SU(N) 
covariant SUSY transformation laws are presented for both N=2 and N=4. The on-shell SUSY 
transformations close to the supergroup SU(2,2|N) with N=l,2,4. The SU(2,2)=SO(4,2) sub- 
symmetry is realized linearly on 4+2 dimensional flat spacetime. All fields, including vectors and 
spinors, are in 4+2 dimensions. The extra gauge symmetries in 2T field theory, together with 
the kinematic constraints that follow from the action, remove all the ghosts to give a unitary 
theory. By choosing gauges and solving the kinematic equations, the 2T field theory in 4+2 
flat spacetime can be reduced to various shadows in various 3+1 dimensional (generally curved) 
spacetimes. These shadows are related to each other by dualities. The conformal shadows of our 
theories in flat 3+1 dimensions coincide with the well known counterpart N=l,2,4 supersymmetric 
massless renormalizable field theories in 3+1 dimensions. It is expected that our more symmetric 
new structures in 4+2 spacetime may be useful for non-perturbative or exact solutions of these 
theories. 
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I. STATUS OF 2T-PHYSICS 



Two time physics (2T-physics) has proven to be successful in uniting different ordinary 
IT physics systems by establishing duality relationships among them and in uncovering 
underlying hidden symmetries of IT systems at the particle and field theory levels 
The theory starts by imposing a Sp(2, i?]_gauge symmetry on the phase space (X M , Pm) of 
a worldline theory of a bosonic particle The local symmetry is generalized for spinning 
particles ^ ll|, supersymmetric particles J4] ^[sljioj], or particles moving in background 
fields 3j|, but always involves Sp(2, R) as a subgroup. This symmetry requires that covariant 
momentum and position are interchangeable at any instant for any motion. One finds that 
this symmetry cannot exist in a spacetime with only one timelike dimension, and can be 
realized without ghosts only in a spacetime with 2 timelike dimensions, no less and no more. 

It turns out that various usual IT theories in (d — 1) + 1 dimensions are united by casting 
them into various gauge fixed versions of a single parent 2T theory in d + 2 dimensions. The 
relationship between the IT theories and the parent 2T theory is somewhat analogous to 
the relationship between an object moving in a 3-dimensional room and the many shadows, 
with their apparently unrelated motions, that can be created on walls by shining light from 
different perspectives on the parent object. For example, the IT physics shadows created 
from the simplest 2T-physics bosonic particle that has no parameters, include IT particles 
with or without mass, moving in flat or certain curved spacetimes, free or interacting in 
various potentials, and their twistor equivalents. Some of the mathematical properties of 
these gauge choices 1 are summarized in three tables in Through this procedure, a web 
of duality relationships between these IT theories with various parameters is established as 



gauge transformations o 
the worldline formalism 



the underlying 2T theory. This was most clearly understood in 



0-fl 

, and to some extent was also shown to be the property of 
2T field theory in d + 2 dimensions [l6] 17]. This is a new type of unification. 

2T field theory is closely related to the underlying particle 2T worldline theory by the 
BRST quantization procedure which, for the spinless particle, followed a somewhat similar 
path [l3[] to the BRST approach for string field theory 19|. After integrating out redundant 
ghost fields, this showed a simplified general way [14( to elevate 2T worldline theories to 



1 For a graphical display of gauge choices see http://physics.usc.edu/~bars/shadows.pdf 
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the 2T field theory formalism. By now the Standard Model and General Relativity have 
been shown to arise as particular shadows of their respective parent 2T field theories for the 
Standard Model [ljj and for gravity [3] in d + 2 dimensions. 

It was shown that the shadows derived from 2T field theory come with some additional 
restrictions that are not present in the usual IT field theory approach. In particular, for 
the conformal shadow of the Standard Model mass terms are not allowed. Then, in the 
Higgs scenario, the electroweak phase transition needs to be driven by an additional scalar 
field which could be the dilaton or another new SU(3) xSU(2) xU(l) singlet scalar jl4] 2 . 
If it is the dilaton, this suggests that the Standard Model must be coupled to the gravity 
sector in more ways than expected before. Given this, the electroweak phase transition gets 
conceptually related to other phase transitions that occurred in the history of the universe 
for which an expectation value for the dilaton also plays a role. 

Moreover, if ordinary General Relativity in {d — 1)+1 dimensions is the conformal shadow 
of its 2T field theory coun terp art in d + 2 dimensions, then all scalar fields coupled to it 
must be conformal scalars [181 ] . This means that in addition to their usual coupling to the 
spacetime metric g^, every scalar field <fi (x) must also couple to the curvature scalar in the 
form (—a<f) 2 ) R (g) , with the special unique coefficient a = (d — 2) /8 (d — 1) in d dimensions. 
In addition, the gravitational constant arises only from the vacuum value of such scalars, 
while a local Weyl symmetry removes a would be massless Goldstone dilaton. This leads to 
new concepts in cosmology, including the possibility of a changing gra vitational constant as 



a result of various phase transitions in the history of the Universe [18 ]. 

There is another interesting role for conformal scalars. It was suggested in the second 
reference in [ijj that a conformal scalar with its required SO (4, 2) conformal symmetry 
could provide an alternative to supersymmetry as a mechanism that could address the mass 
hierarchy problem. This possibility has been more recently elaborated in 

It is remarkable that such new restrictions on IT field theory that arise from 2T physics 
are compatible with current experimental knowledge and provide some new conceptual and 
phenomenological guidance. Further developments on these aspects will be reported else- 
where. 
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After this proposal was discussed in 14\ as part of possible new physics signatures motivated by ideas in 



2T-physics, similar scenarios that include such a scalar field have been discussed in recent papers in both 



theoretical and phenomenological contexts 20(- 25 1. 
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The 2T physics version of supersymmetric field theory in 4 + 2 dimensions has also been 



developed by us in previous papers 



15]. In view of the remarks above, it is not surprising 



that the emergent supersymmetric shadows also come with new corresponding constraints. 
Given the phenomenological interest in the possibility of observing supersymmetry (SUSY) 
at the Large Hadron Collider (LHC), the 2T-physics constraints could be phenomenologically 
significant, and we intend to study this topic in the near future. 

In this paper we discuss the generalization of our previous work from N = 1 to N = 2 and 
N = A SUSY theories in 4 + 2 dimensions. It should be noted that the famous N = 4 super 
Yang Mills gauge (SYM) theory in 3 + 1 dimensions will emerge as the conformal shadow 
of our N = 4 SYM theory in 4 + 2 dimensions. Therefore, it will have other dual shadows 
which may be useful in the further exact studies of this theory. The current paper will serve 
as a foundation for later exploration of the structure and phenomena of these N = 1,2,4 
theories and supersymmetric theories in higher dimensions. 



II. SO(4,2) SPINORS AND NOTATION 

In this section we briefly describe some of the notation used in this article. For N = 2 
SUSY there are two left handed SO(4, 2) spinors (Al)" q , where the label i — 1,2 indicates 
the doublet of the SU(2) R-symmetry, the label a is for the adjoint representation of a 
compact gauge group G and the label a = 1,2,3,4 is for the 4 representation of SU(2,2) 
(left handed Weyl spinor of SO(4, 2)). For the spinors C0z) am the label m is used for some 
arbitrary representation (including reducible representations) of the gauge group G. Often 
we will simply use the label L, suppressing the label a to indicate a left handed spinor 
as \ a Li or ipLm- Sometimes we will also use the right handed spinor (\r)™ , (^r)™ - in the 4 
representation of SU(2, 2) , which is labeled with a = 1,2, 3, 4. One could rewrite all right- 
handed spinors as left-handed ones by charge conjugation which is given by 

(A«) 4 a = (CA?^ = C V T (Xt)i, or (A7)l = - (X Ra fc, (2.1) 

and similarly for ij). Here we have used the following matrices 

e= ( ^ J J , C = n x <7 2 , r)= -in x 1. (2.2) 

where = —£ji is the antisymmetric charge conjugation matrix for the SU(2) R-symmetry, 
Ca/3 = —C/3a is the antisymmetric charge conjugation matrix in SU(2, 2) spinor space, and 
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the symmetric SU(2, 2) metric in spinor space used to construct the SU(2, 2) 
contravariant spinor from the Hermitian conjugate spinor 

PDa =((^)^) / '=(4) < dB ^- (2-3) 

Note that Hermitian conjugation (ipLam)^ = changes the SU(2, 2) index from a to 

a and raises the index m assuming m labels a complex representation of the gauge group 
G. Similarly, {X a Lia )^ = (aO raises the SU(2) index i and drops the index a. However, 

V / act 

the adjoint representation is real, the Killing metric 5 a b can be taken as 1, so that there 
is no distinction between upper and lower a indices, and the structure constants / a & c are 
completely antisymmetric. Using these definitions we can also write the following relations 
that are equivalent to (12. ip 



A 



Li 



(CA a /)., or (X R ) a t = (Xlf C. (2.4) 



The SU(2) indices % may be further dropped or raised by using the antisymmetric e and its 
inverse e' 1 = —e as follows, Aj = e^A- 7 and A* = —e^Xj. 

We use the following explicit form of 4 x 4 SO(4, 2) gamma matrices T M , T M in the Weyl 
bases (M = 0', 1', 0, 1, 2, 3 is the label for the vector of SO(4, 2)) 

r ' = -in x i, r 1 ' = r 2 x 1, r° = 1 x 1, r = r 3 x a 1 (2.5) 

f ' = -in x 1, T 1 ' = r 2 x 1, f° = -1 x 1, P = r 3 x a* (2.6) 
These are compatible with the metric rj and the charge conjugation matrix C given above 



as explained in detail in Appendix (A) of ref.( 15j). In particular we note the hermiticity 
and charge conjugation properties 

ct m c -x = p M }T f CT M C~ l = (T M f. 

The matrices (T mn ) q ^ = |(r M f N - T N T M ) ap and (T M f N + T N T M )^ = 26 a$ r) MN , to- 
gether with the antisymmetric matrices (T M C) „,(Crj & & incorporate the group theoretical 
properties of SU(2, 2) =SO(4, 2) products of representations 

(4 x 4) = 15 + 1, (4 x A) antisymmetnc = 6, (4 x 4) antlsymmetric = 6. (2.8) 

The matrix representation of the generators of the gauge group G are denoted as {t a )^ 
implying the group transformation law S w (p m = —iu) a (t a )S y?n- For the adjoint representation 



(t a )2 is replaced by (t a ) b c = -if ab c = -ifabc- The matrices (t a )2 or (t a ) b satisfy the Lie 
algebra [t a ,t b ] = if ab c (t c ) . 



III. N=2 SUSY FROM N=l IN 4+2 DIMENSIONS 



The starting point is the general N — 1 supersymmetric Yang-Mills 2T field theory in 



4 + 2 dimensions for any compact Yang-Mills gauge group G [15|. The theory contains a 
single N = 1 vector supermultiplet (A M , A^, -B) a , where a labels the adjoint representation 
of G, plus any number of N — 1 chiral supermultiplets (<£>, ^l, _F) r where r labels an arbitrary 
representation of the gauge group G. This representation can be taken to be reducible, hence 
it may contain any number of chiral multiplets in various irreducible representations of G. 



15[] as 



The action consistent with both N — 1 SUSY and 2T field theory was given in 
follows 

&n=i = J d 4+2 X 5 (X 2 ) (L^~^ tic + Ly~f} awa + Lp je ntial ) (3.1) 

We note the typical delta function 5 {X 2 ) in 2T field theory 3 , with a Lagrangian density 
given by 4 



tN=1 

kinetic 



-N=l 



iFM N Fa MN + l<p*D M D M <p r + ^ r D M D M <p 



rt 



+ 



+ 



J yukawa 



X L XDX aL + X L DXX a L 
V2g^ r (t a ) r s (t sL ) T {CX) X a L - (cx) t 



2 ylpL XD^ rL + lP L DXl/j rL 

d 2 W 



'sL 



dcfrdcps 



+ h.c. 



tN=1 

potential 



l -B a B a + F^ r F r + g<p* (t a ) r s <p s B a + 



dW 

dip r 



F r + h.c. 



(3.2) 



(3.3) 



(3.4) 



where X = X Tm an d D = F Dm- These structures are compatible with the spacetime 
SU(2, 2) =S0(4, 2) group theoretical rules in Eq.( 12.8l) . The explicit X M that appears in the 
kinetic, Yukawa, and the S {X 2 ) , is to be noted; hence there is no translation symmetry in 
4+2 dimensions. However, the rotation symmetry SO(4, 2) turns into conformal symmetry 



3 The term ±<5 (X 2 ) (ip a ^D M D M 'Pa + h.c.) can also be written as -S (X 2 ) D M ip a ^D M ip a + 2 5' (X 2 ) cp a ^Lp a 
after an integration by parts, as in [15| . 

4 The distinctive spacetime features including the delta function 5 (X 2 ) and its derivative that impose 
X m Xm — 0, as well as the explicit insertions of X M in the form of X = XmF m in the fermion kinetic 
terms and Yukawa couplings, are required by the group theory rules of the spacetime SO(4, 2) =SU(2, 2) 
in Eq. (|2.8p and by the gauge symmetries of 2T-physics field theory as explained in [14 1. 



7 



for the conformal shadow in 3 + 1 dimensions, which includes translation symmetry for the 
shadow in 3 + 1 dimensions. 

The superpotential W is purely cubic 5 in the fields and is also G invariant S W W = 
—icu a ^- (t a (p) r = 0. The field equations may be solved for the auxiliary fields, 

+ dW ] + dW 

B a = VW, Fr = -g^, F» = - Wt , (3.5) 

so that this theory contains just the fields (A M ,X L ) a and (ip,ipL) r - In 3 it was demon- 
strated that this theory has N — 1 supersymmetry, and the corresponding conserved current 
in 4 + 2 dimensions was given (see also below). 

To construct the general theory with N = 2 supersymmetry in 2T field theory we follow 
the same strategy employed in IT SUSY field theory but modified to conform to 2T field 
theory structures 6 . We start with the general N = 1 theory given above, with one N = 
1 vector multiplet, and 3 distinct representations of AT = 1 chiral multiplets embedded 
in the reducible representation labeled by r. Namely, we consider the following N = 1 
supermultiplets 

vector: (A^ , Al)° , chiral-0: (if, ipiT , both in the adjoint representation, (3.6) 
chiral-1: (0, r/ L ) n , chiral-2: (0, fj L ) n , in arbitrary complex conjugate repr. (3.7) 

So, the label r in Eqs. (13.2113. 5ft is now specialized to the 3 representations labeled by the 
adjoint a, lower n and upper n. The reducible matrix representation (t a ) r s is also specialized 
as follows 

(*.)/ : (ta) b c = ~if ah c , and (t a ) n m , (3.8) 
implying the G transformation rules 

<W 6 = -CU a f ab Vc, ^0n = -^ a (t a )„ m m , 6j n = iLUy m (t a )£. (3.9) 



5 The purely cubic property of the superpotential is imposed by the 2T gauge symmetry 14]. This implies 
that there are no dimensional parameters, such as masses, in the potential. To induce mass terms in a 
nontrivial vacuum, the dilaton must also be coupled to the other scalars as described in [3| and in 18 1. 
This implies that the entire supergravity multiplet, which includes the dilaton must also be included as 
part of the theory of mass generation in the supersymmetric theory. 

6 The method used here in 4 + 2 dimensions parallels a similar discussion in usual SUSY field theory in 3 + 1 
dimensions as described in 28J . Note however that the explicit SUSY transformations in 4 + 2 dimensions 
have many features that are absent in the corresponding SUSY transformations in 3 + 1 dimensions. 
Nevertheless those details do not play a role in this method. 
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The complex conjugate representations labeled by lower n and upper n can themselves be 
reducible representations. In any case, </> m </> m is invariant, while <frt a <j) transforms like the 
adjoint representation. 

When the superpotential W is taken of the following form 

W = iV2g4>t a (f)(p a , (3.10) 

there is automatically N = 2 supersymmetry as well as local gauge symmetry under the 
Yang-Mills group G. To show the N = 2 structure one writes the N — 1 Lagrangian following 
the recipe given above in Eqs. ()3.2H3.5p . Then one can notice that there is a symmetry 
under the following discrete transformation [X a L — ► tpl, ipl — > — Af] and [<j) n — > $ n — > 
— <p n ], or equivalently [<fr^ n —>■ <f) n , <ft n —>■ — <p^ n ], while the other fields A1 /I ,ip a ,r]L n ,VL remain 
unchanged. This transformation is just a discrete subgroup of the SU(2) i?-symmetry which 
acts on the SU(2) doublets (tij , f|t J > f^fn 1 as follows 7 



(3.11) 



n) \-iu)\r L ) k-k)' \&) \-ioj\r,:,j \- (>l 

The last relation can also be written equivalently for the charge conjugate doublet 
(-1 o) ) ' Actually, this Lagrangian has a global symmetry under the continuous SU(2) 
R-symmetry transformations applied on the doublets above as will be made manifest in the 
next section. 

Now we concentrate on identifying the second supersymmetry by starting with the known 
[15I N — 1 SUSY transformations of our fields 

5 £i (Am, XlT, S ei (<pM a , S E1 (<f>,VL)n, 6 sl $,fj L ) n . (3.12) 



The expressions for these are given in [15| but for now we will not need them explicitly. It 
suffices to know that the action above is invariant under this first SUSY transformation <L X 



with parameter eil, which is a left-handed chiral spinor labeled by L = [4 of SU(2, 2)] [15 ]. 
Corresponding to this symmetry there is a conserved supercurrent in 4 + 2 dimensions J±[ , 
that satisfies OmJiI — when the equations of motion are used (see below). 

Since we have already identified in Eq. fl3.lll) a discrete R symmetry of the Lagrangian, 
it must be that the action is invariant also under a second SUSY transformation S e2 with 



7 The discrete transformation R = e lCT2?T / 2 = itr 2 = ( 9 J corresponds to a SU(2) rotation by an angle tt 
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parameter E2L- The 5 £2 transformation laws must look the same as those of 5 £l after applying 
the discrete transformation of Eq. (13.11j) on the expressions in Eq.f l3.12l) and then replacing 
£ii by e 2 l- Hence the second SUSY transformation is obtained from the first one as follows 

5 £2 {Am^lT, 6 ea (<p,-\ L ) a , 6 £2 (ft,rj L ) n , S £2 (-^ n ,fj L ) n . (3.13) 

We see that the second SUSY transformation 5 £2 looks like again a iV = 1 transformation, 
but the fields have been reshuffled into new N — 1 vector and chiral multiplets as seen 
by comparing Eqs. (13. 12II3.13[) . For example the 5 £2 SUSY partner of Am is now ipL rather 
than Xl, and so on. With the same discrete R transformation technique applied on the 
expression for the supercurrent Jf[ we can construct the second conserved SUSY current 
J^ L (see below) . 

A. SU(2) covariant N=2 SUSY in 4+2 dims 

It is evident from the previous section that, once the discrete R symmetry has been 
identified, it is guaranteed that the theory has N = 2 supersymmetry. It is useful to make 
this SU(2) and N = 2 symmetry manifest by using fields with SU(2) doublet and singlet 
representation labels, and then rewrite the action, conserved currents, and transformation 
laws, described above in terms of these SU(2) representations. The result is the following. 

The doublets are labeled by an index i — 1, 2 as follows 

*-(£)- (3)'*- te)- (a— (:::) 

while the other fields A M , <p a , r)L n , Vl are SU(2) singlets. It is also useful to introduce aux- 
iliary fields Sfj and F in , where F in is an SU(2) doublet while Sfj is a symmetric tensor 
representing a triplet of SU(2). It is convenient to collect these into one N = 2 vector 
multiplet in the adjoint representation of G and many N = 2 hypermultiplets labeled by n 
in some (generally reducible) representation of G 

vector : (A a M , \? L , (p a , S?.) ; hyper : (<j) in , r] nL , fj nR , F in ) , i = 1, 2. (3.15) 

Here we have used the charge conjugate right handed spinor r] Rn = Cffl instead of the 
original left handed r?£. In fact, the two SO(4, 2) Weyl spinors (?7Ln,^_Rn) , transforming as 
(4 © 4) of SU(2, 2) , taken together can be considered as a full 8 dimensional Dirac spinor of 
SO (4, 2) .In what follows, we choose to present the theory without the auxiliary fields. 
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tN=2 _ I 
^kin — ^ 



tN=2 
yukawa 



+ h.c. 



tN=2 

potential 



(3.16) 



The manifestly SU(2) invariant N = 2 action is 

^=2 = J d 4+2 X 5 (X 2 ) (L%- 2 + Ly~ 2 awa + Lp- 2 ntial ) . 
The kinetic term is 

' -\FmnK MN + I [^ ai XD\? L + AT MAfc 
+\^ a D M D M <p a + y a D M D M ^ a 
+\^ in D M D M ct> in + \<p m D M D M ^ 
T^XDrinL + rfTDXr]^ 
| fj R n XDfj nR + rj^ 1 DXfj nR \^ 

The Yukawa interactions are 

V2g (t a ) n m <j) tm (e^X\ a jL + rfl n X\t) 
+^f abc ^ L CXX c jL + V2g V a ^Xt aVL 

The scalar potential term is 

' -g 2 [tfHahfa] (</V 6 + ¥>V°) 

where 0t(if o ^) = I ( £ ^^<A + e ik ^H a (f> k ). 

If one desires, one could include auxiliary fields into the action by introducing quadratic 



(3.17) 



terms \S l JS^ and F^ in F in and replacing the potential terms by 



r JV=2 
-'potential 



" [ +^ (5°)/ tl ta0, - (i WV) 2 

The N = 2 supercurrent is (in this expression = {cXl"^ , r\\ = (CrfL a ) T , 77™ 



(3.18) 



1 T?a v (-nKLNrM 

m b KL X N (1 1 



2^ KL^N V- - V >- ) ^Li 

+e lJ D K (X N cp a ) {T KN T M - v MN r K ) xt 

+d k (x N <p m ) (r KN r M - v MN r K ) v n R 

+ £ij D K (X^tim) ^KN^ _ ^MN^ ~ r 

-2tfH a <t>i\ a jL 

-2ip a Eij {<p ] n a ) n r] nL 

-2<p a (t a <j>i) m f}Z 



ig v rMN 



(3.19) 
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This Jf[ is a doublet of SU(2) and vector <g> left-handed Weyl spinor of SO (4, 2) . 

These fermionic currents are conserved 3m J a, = when we use the equations of motion 
derived from the N = 2 action given above. The general variation of the action with 
respect to each field contains terms proportional to both 5 (X 2 ) as well as 5' {X 2 ) (which 
arises from integration by parts). The equations that emerge from the 5' (X 2 ) terms are 
called kinematic equations, while those emerging from the 5 (X 2 ) term are called dynamical 
equations. The kinematic equations can be solved easily, and they can be interpreted as the 
covariant version of one of the three Sp(2, R) constraints of the underlying worldline theory 
(namely the X-P = constraint). The dynamical equations correspond to another Sp(2, R) 
constraint (P 2 = constraint) after being covariantized and modified by the interactions. 
Finally, because of the delta functions, all equations listed below must be taken at X 2 = 0, 
which is the third Sp(2, R) constraint. It should be emphasized that all equations of motion 
follow from the action. 

The following SU(2) covariant N = 2 equations are the kinematic equations of motion 

X N F a NM = (X ■ D + 1) <p a = (X ■ D + 1) m = 0, (3.20) 
(X ■ D + 2) X a Li = (X ■ D + 2) r) nL = (X ■ D + 2) fj nR = 0, (3.21) 

while the following SU(2) covariant N = 2 equations are the dynamical equations of motion 

(D M F ) — I <-> >= 0,(3.22) 

( -gXM^T^t^ + gX M f, R Y MN t a f, nR + igtfH* D M (p i J 

£>V + ^/wrf'VV + ^f abc \^-X\l 3 - g 2 (0t* {e, t b } 0,) d = 0, (3.23) 

iXDX a lL + iV^geijU^XX^ - y^gsij (^H a ) n Xfj Rn + V2g (t a cf> i ) n Xrf R = 0, (3.25) 

iXDX™ + tV2ge^f abc ^ b XX c jL - V2g (^t a ) n X VLn - V2ge ij Mj^Xrft = 0, (3.26) 

iXD VnL + V2g (t &)„ XA» + V2g<p* a X (t a rj R ) n = 0, (3.27) 

iXDf) nR - V2g {t a 4> i ) n e ij XX a jL - V2g<p a X (t aVL ) n = 0. (3.28) 
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The N = 2 SUSY transformations for the action associated with the supercurrent in 
Eg. (13. 191) are (without auxiliary fields) 



SeA-M - M X\ a Li + X z 



^ e L i T MN D N X a Li - «/- :,, \ : j „A,; j + 



4 (W^MS^) (t a 



e iji i {v^TmBu) (U 



3 in 



£RiXrj Ln — Eijs£ J 'Xr] Rn + X 



-\e Ri Dr) Ln + ^ije^Dfj 



Rn 



5 £V a = e^eH l X\ a Lj +X 



f 2 g V Wi it a f, R ) n + %e ijg <p a el? {t a r lL ) n 

{ta<t>j) n W*Li ~ % Mj) n Ai^ii 

_ +^0 tra ^ (ta%) n - %&m?eu M,) n 



SeVin = i (D M ^) n T M s R + e ij V2g {<p%) n e u 
5 £ fj Rn = ie ij (D M <Pi) n T M e Lj + V2g (p&)„ 4 



+ /i.e. 
(3.29) 

(3.30) 



(3.31) 
(3.32) 

(3.33) 
(3.34) 



The N = 2 SUSY transformation above have some parallels to naive N = 2 SUSY 
transformations that one may attempt to write down as a direct generalization from 3 + 1 
to 4 + 2 dimensions. However, there are many features that are completely different. Once 
we notice the parallels, part of the structure can be understood from the spacetime SU(2, 2) 
group theory, as in Eq. (12.81) . The generalized features include the insertions that involve 
X = X M T m or X = X m Tm, and the terms proportional to X 2 . These are off-shell SUSY 
transformations that include interactions and leave the off-shell action invariant. 

Despite all of the changes compared to naive SUSY, this SUSY symmetry provides a 
representation of the supergroup SU(2,2|2). This is signaled by the fact that all terms 
are covariant under the bosonic subgroup SU(2, 2) cg>SU(2) , while the complex fermionic 
parameter su and its conjugate ~El are in the 4,4* representations of SU(2,2), and are 
doublets of the R-symmetry SU(2) , as would be expected for SU(2, 2|2) . 

The closure of the SUSY transformations is discussed for the case of N = 1 in Appendix 
(B) of reference 15|. The closure in that case was SU(2,2|1) when the fields are on-shell. 
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It is straightforward but tedious to verify that for the present case of N = 2, the closure 
is SU(2,2|2) when the fields are on-shell. The SUSY transformations above are actually 
off-shell. The closure off-shell goes beyond SU(2,2|2) and includes 2T-physics gauge trans- 
formations (terms proportional to X 2 and other kinematic constraints that do not vanish 
off-shell) of the type discussed in and Q. 

When reduced to 3 + 1 dimensions, by solving the kinematic equations (13.201) in a special 

the SU(2,2|2) transforma- 



14j- 



1* 



gauge which we call the conformal gauge described in 
tions above reduce to a non-linear off-shell realization of N = 2 superconformal symmetry 
in 3 + 1 dimensions. 



IV. N=4 SUPER YANG-MILLS IN 4+2 DIMENSIONS 

The N = 4 SYM multiplet has the same field content as the N = 2 vector SYM multiplet 
(A%[, Af L , tp a ) coupled to just one N = 2 hypermultiplet (0f , r/l, rj^) whose fields are in the 
adjoint representation. Thus, all that we need to do is specialize the hypermultiplet in 
the previous section to be in the adjoint representation labeled by a. Then there are four 
left handed fermions (A" L , rjl, fjl) which we call \ a Lr r = 1,2,3,4 and six real scalars (three 
complex ones, ip a , <P1) which we call 9®, u = 1, • • • , 6, in addition to the Yang-Mills field A a Ml 
all in 4 + 2 dimensions. In this section we present this structure directly in an SU(4) =SO(6) 
covariant way, thus displaying the iV = 4 SU(4) .R-symmetry. Then we show that the SU(4) 
covariant theory agrees with the general form of the N = 1 SUSY theory of section 3, in 
four different rearrangements of the multiplets, thus proving the N = 4 SUSY symmetry in 
a different way. 

Let r, s label the SU(4) fundamental or antifundamental representations (spinors of 



Dirac initiated a similar set of field equations on the hypercone (without an action principle) to explain 



conformal symmetry SO(4, 2) as the rotation group in 6 dimensions 29|- 37). A worldline approach along 



Dirac's ideas was also pursued [38|-[40(. From the point of view of 2T-physics, Dirac's view of conformal 
symmetry amounts to only one of the shadows, which we call the conformal shadow. The Sp(2, R) phase 
space gauge symmetry in 2T-physics, which was absent in previous work, was motivated by signals of 



2T in the supersymmetry structure of M theory 4l|- 45[ and it developed independently, unaware of 



Dirac's work. This Sp(2, R) gauge symmetry is at the root of the shadows and duality phenomena in 
2T-physics. In the worldline theory the shadows are obtained by making Sp(2, R) gauge choices in phase 
space (X M , Pm) , while in field theory the same shadows are recovered by solving the kinematic equations 



with various parameterizations of spacetime as shown in 16( 17j . 
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S0(6)) and let u,v label the vector of SO(6) , while (a, a) and M label the spacetime 
S0(4, 2) spinor and vector representations respectively. The manifestly SO(4, 2) ®SU(4) ®G 
invariant action can be written as S N=A = J d A+2 X 5 (X 2 ) L N=A (X) , with 



L N=4 = 



V L ar XD\l r + gf abc (X a Lr CXX b Ls ) (TY S 6:] + h.c. ^ 



(4.1) 



Here 7" s = — 7" r (and their Hermitian conjugates (7") rs ) are antisymmetric S0(6) =SU(4) 
gamma matrices in a Weyl basis that satisfy (7" 7^ + Y^)* = 2<5™<5 r s . The explicit matrix 
form of the antisymmetric S0(6) gamma matrices (7 M ) rs , (7«) rs can be taken as 



l u = [{(72 x io 2 a) , [a 2 a x a 2 )\ , 7« = [(^2 x i<r 2 a*) , (-<7 2 <r* x <j 2 )] 



(4.2) 



where 7 n is related to 7" by Hermitian conjugation % = (7") or by complex conjugation 
7 n = —(7")* (note (— (T 2 (T*) = (i<7 3 , 1, — ia\) = aa 2 ). They satisfy the property 7" s = 
\trspq (l u ) P9 ■ Using these one can recast the six independent real scalar fields 6° into an 
SU(4) antisymmetric tensor form ((p a ) rs 



i^Xs = ^1 U rsK or {^T = (7T 91 = (rf)" = _ ( ^J* (4.3) 



Because the complex conjugate is not independent there is a SU(4) covariant duality relation 

1 



_ £ rspq a 

1 ' , 



pq- 



(4.4) 



This implies that the antisymmetric SU(4) tensor (y? a ) rs contains only 3 independent com- 
plex numbers for each a, which is seen explicitly as follows 



1 







i0? + Qi 0. 



i0t + 0%\ 



-101-01 -101-01 d 2~ id 3 

-0^-10% 101 + 0% 
\ 101-0% -01 + 10% -101 + 0% 



(4.5) 



/ 





-(^ 3a 













-(p Xa 


^2 






(p xa 







\ 




-^2 


-V?3 






where 



Lf la 



my 

i = 1,2,3 



(4.6) 



This relation is useful to write the N = 4 theory in an N = 1 or N = 2 basis. 
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A. N=4 Super Yang-Mills as coupled N=l supermultiplets 



We now want to verify that the SU(4) covariant structures above have N = 4 supersymme- 
try and are in agreement with the N — 1 supersymmetry structures in 4 + 2 dimensions that 
we discussed in Eqs. fl3.lti3.5l) . To do this we split the SU(4) R-symmetry into SU(3) xU(l) 
and identify the U(l) as the R-symmetry associated with N = 1 supersymmetry while the 
SU(3) part is considered as an internal symmetry acting on three N — 1 chiral multiplets. 
Of course, there are 4 different ways of splitting 4 into 3+1, each one of these corresponds 
to the different N — 1 supersymmetries within the N = 4 theory. In each case, the N = 4 
vector supermultiplet splits into one N = 1 vector supermultiplet plus 3 chiral multiplets 
that transform into each other as a triplet of SU(3) . 

To be specific let the 1 in 3+1 correspond to the fourth member of the SU(4) quartet 
labeled as r = (i, 4) with i = 1,2, 3. Then the SU(4) quartet of fermions is split into a SU(3) 
triplet and a singlet A^ r = (A* i; A£ 4 ) . The singlet is identified as the fermion in the N — 1 
vector multiplet (A a M , A£) , with A^ 4 = A„ , while the triplet A„j belongs to a N = 1 chiral 
multiplet A®j) , with r — > i — 1, 2, 3 labeling the fundamental representation of SU(3) . 
In this notation the kinetic term for the fermions in the N = 4 action is rewritten as 

l -XT r XD\l r + h.c. = % - ^XD\ aL + XT a XDX a L ^ + h.c. (4.7) 

We see that this is in agreement with the N — 1 SUSY structure given in Eq. fl3.2l) . when 
the chiral multiplet A^) is in the adjoint representation of the gauge group G. Note 
that here SU(3) with its label i is a global, not a local, symmetry. 

Next we verify the same property for the scalars. The 3 complex scalars ifi that appear in 
Eq. (14.61) correspond to the 6 real scalars u — 1, 2, ■ • • , 6 with the following identification 

M« = ^iWu = tf, (<P% = -^fWl = -e ijk ^ a , (4.8) 
{^af = -j= {l u f e a u = -<p a \ {<p a f = -L (rf 01 = e ijk vl (4-9) 

Then the kinetic term for the scalars in the N = 4 action is rewritten as 

l -eiD M D M 9 a u = l -y™D M D M tf + \p\D M D M ^ (4.10) 

This is in agreement with the N = 1 SUSY structures in Eq. (13.21) . Furthermore, the Yukawa 
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term in the N = 4 action takes the form 



^9 fate (KrCX\ b Ls ) (r) rS e C u + h.C. 

= ^=gf abc (X a Lr CXX h Ls ) m S + h.c. 

Afgfd* {x a Lt cxx b M ) (<p c ) u + -j=gf abc {x a Li cxx b Lj ) (vT + h.c. 

-iV2gf abc X a Ll CXX b L ? c + -^=gf abc e^ k X a u CXX b LjV c k + h.c. 



(4.11) 
(4.12) 

(4.13) 

(4.14) 



This is in agreement with the N — 1 SUSY structures in Eq. (13.31) provided the superpotential 

W (<fii) is 

W (<p) = -JL= £ v k f abc( p b cp c j( pl = -^to, (4.15) 

Next we rewrite the potential term V (8) in the N = 4 action in terms of the complex 
scalars (pf as follows 

,2 „2 



v (fi) = jEi^w = jf^f°»c {° b ■ eb ') {° c ■ dc> 



The Jacobi identity 

fabefab'c' facb'fac'b fab'bfa 

is used to rewrite the second term in the last line as 



(4.16) 
(4.17) 
(4.18) 

(4.19) 
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So the potential V (9) = V (<p) takes the form 



(4.20) 



(4.21) 



We see that the potential can be written as the standard N = 1 F and D terms V (ip) 
V D (<p)+V F (<p), 

1 



v F M = (s/^V) (gfoMtf) = *k*t> with ^ F %ij = gfavdtfvt (4-22) 



Vd (<p) = ^ Ugfab'b^'d) [igfacc^ ) = ^B a B a , with B a = igfaw" <p\ (4.23) 



1 



iV ,J> 
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This is in agreement again with the N = 1 rules given in Eq. (I3.4j) when the superpotential 
W (ip) is precisely the one above in Eq. (14.151) . since it then reproduces the correct F-term 
through F k a = -§g. 

This agreement shows that the SU(4) covariant theory has N = 1 SUSY in 4+2 dimen- 
sions for each of the four ways of reducing SU(4) — >SU(3) xlJ(l). This proves that the 
covariant theory has N = 4 supersymmetry in 4+2 dimensions. Indeed the evident SU(4) 
i?-symmetry implies that if there is N = 1 SUSY then there must be N = 4 SUSY. 



B. N=4 covariant off-shell SUSY transformations in 4+2 dimensions 



Having established that the covariant action (14.11) has four supersymmetries, it is useful 
to write the N = 4 supersymmetry transformation in covariant form as follows (using 
e s R = CeJ2 T , e^ r = (e Lr ) T C, and similarly for A^ s , (A^) r ) 



A a 



—£L^MX\ a Lr + X z 



+ h.c. 



5 £ X a Lr = * (D9 a u ) (>fe R ) r + l -F a MN T MN e Lr + l -gf*$fi (j uv e L ] 



(4.24) 



(4.25) 



~ (%) rs eE r D\ a Ls + 9 -f abc ( 7w )/ B vb e^ r Xj 



+ h.c. (4.26) 



The first two expressions (14.24114. 25p may easily be rewritten in terms of {}p a ) rs = ^Jrs^u- 
The last expression (I4.26P may also be written in terms of (<p a ) rs as follows 9 



+x' 



— v2 (sR r X\ a Ls — ER s X\1 r ) + V^erspgE^XX^ 
^75 {^R r D\ a Ls — e Rs D\ a Ll }j — -^e rspq e L p DX R 
+\gf abc [{-LV b ) r AL - (^ 6 ) s A£ r - e rspq W (^XlY] 

+ \gfabc [Srspq (sR^f Xr ~ £Rr (v^r) s + ^Rs (^Afl) J 



> (4.27) 



9 To compute the hermitian conjugate terms denoted as "/i.e." we recall from appendix A in [15| the 
following rules which apply when all right handed fermions are related to left handed fermions (Majorana 
fermions) as explained in section ((Til) 

(V'IL^l) 1 = -1p2LlplL = l(>lRlp2R, 

{^h£r MN ip 2L y =ThEr MN A L = ^r MN ^ 2R 
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To verify this last form we reconstruct 86* = —7^75 (^f a ) rs (7«) rS by inserting the expression 
in (I4.27P and obtain the expression in (14. 261) 10 . 

The N = 4 SUSY transformations (l4.24ti4.2Tj) are obtained by SU(4) covariantizing the 
N — 1 transformations given in 2] (for comparison we define = sl/V2). The N — 1 
SUSY formulas combined with SU(4) insure that they work for N = 4 SUSY. 

Furthermore, by rewriting the N = 4 transformations in the N = 2 basis, it can be 
verified that they are also in agreement with the N = 2 transformations in Eqs. (l3.29H3.34p 
by using the following identification of iV = 4 and N = 2 degrees of freedom 



VL 



it 



( 



\~VlJ 



\ 



V2 £iL 






1,2 



/ 



(4.28) 



zai3 



(4.29) 



jo" J - ^4 = ¥> a , ftj = ~e^ a 

We emphasize that the off-shell SUSY transformations in 4+2 dimensions include terms 
proportional to X 2 which are new structures as compared to SUSY transformations in 
3 + 1 dimensions. The closure of these transformations (commutators) is consistent with 
SU(2,2|4) when the fields are on-shell, but off shell there are additional terms beyond 
SU(2,2|4). The extra terms in the closure correspond to gauge transformations that are 
the 2T gauge symmetries of 2T field theory of the type discussed in |14j, and they are 
expected to vanish in the gauge invariant sector of the theory. 

The N = 4 supercurrents associated with these SUSY transformations take the form 



Lr 



J 



M 



8(X 2 ) 



\F?, Q X N (r p Q N f M - v NM r p Q) xi 
.72 (r® p r M - r) MP rQ) [d q (x P p) a x a R ] 

-gf abc T MN X N { V ^ b Xl) r 



(4.30) 



Its expression in terms of 8* is obtained by substituting (tp a ) rs = -^Irs^u- The N = 4 
supercurrents are conserved OmJ^l = when the equations of motion that follow from the 
N = 4 action are used. It should be noted that the expression for the supercurrents can be 
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The following properties of the SO(6) gamma matrices are also useful: Tr ("f u Jv) — ^uv and 



hu) rs (Tf 



-2 (S?SI - 5>6*) and ( 7u ) rs (r ) pq = -2e rapq . 
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modified by terms of the form 

AJ™ = 6 (X 2 ) X M i Lr (4.31) 

that are automatically conserved 8m (AJ^) = 0> when the spinors ^ r are arbitrary except 
for satisfying the following homogeneity condition 

(X ■ d + 4) £ Lr = 0, equivalently £ Lr (tX) = r 4 £ Lr (X) . (4.32) 

The currents J* above a gr ee with the N = 1 su „nt in Q after inserting the ^ t 
basis discussed in Eqs. fl4.7ti4.9l) (for comparison with 2] we define (J^l) N _ 4 = y/2 (J]f) N _, 
). Furthermore, after inserting the N = 2 basis of Eqs. fl4. 28114. 29j) . the N = 4 currents above 
also agree with the N = 2 currents in Eq. (13.191) when we identify two of the N = 4 currents 
with the N = 2 currents up to a v2 normalization, (Jf[) N _ 4 = V~2 (J^l) N _ 2 , i = 1,2. Of 
course, both N = 2 and N = 4 currents are consistent with N = 1. 



V. PHYSICS CONSEQUENCES AND FUTURE DIRECTIONS 

In this paper we have explicitly constructed N = 2 and N = 4 supersymmetric field the- 
ories in the theoretical framework of 2T-physics with two times. All fields, including vectors 
and spinors, are in 4 + 2 dimensional flat spacetime that has a natural SO(4,2) =SU(2,2) 
rotation symmetry, but no translation symmetry. Although naively extra time dimensions 
lead to troublesome negative norm ghosts, our theories are physical because they include 
special gauge symmetries and kinematical constraints that insure ghost-free unitary theories. 

After gauge fixing and solving the kinematic constraints, our theories produce conformal 
shadows in 3 + 1 flat dimensions in which SO(4,2) is the usual conformal group that in- 
cludes Poincare symmetry, and hence translation symmetry in 3 + 1 dimensional Minkowski 
spacetime. These conformal shadows coincide with previously established N = 1, 2, 4 super- 
symmetric massless renormalizable field theories with special forms of the superpotential. 

In particular the famous N = 4 super Yang-Mills theory in 3 + 1 dimensions, that contin- 
ues to attract a lot of interest, is now seen to have a parent theory in 4 + 2 dimensions, that 
naturally explains its exact conformal symmetry, and possibly some of its other properties 
as well. 

An important aspect of 2T-physics is that it also produces many other shadows in 3 + 1 



n 



dimensions as explained in [l|,[7|-[9j in the worldline context and in 16] 
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171 ] in the field theory 



context. By using the approach of [16| [l7| we can produce in a straightforward way other dual 
shadows of our N = 1,2,4 supersymmetric theories in various curved spacetimes, including 
Robertson- Walker, AdS 4 , dS 4 , AdS 3 xS 1 , AdS 2 xS 2 , any maximally symmetric spacetime, 
any conformally flat spacetime, some singular spacetimes, all in 3 + 1 dimensions. All of 
these share the full S0(4, 2) symmetry, as well as the full SU(2, 2\N) supersymmetry of the 
parent theory, realized in different forms as a hidden symmetry in various spacetimes. 

We expect that more shadows, that contain mass parameters as seen in the worldline 
theories, can also be obtained in field theory, thus arriving at very unusual realizations of 
the SU(2, 2\N) symmetry. All shadows can be transformed into each other by the underlying 
Sp( 2, R) gauge symmetry which now plays the role of duality transformations in field theory 
[16|[l7|. It is expected that such duality properties of our theories can be used to explore 
non-perturbative or exact solutions of iV = 1,2,4 supersymmetric Yang-Mills theories. 

In particular one may now revisit previous studies of supersymmetric theories, including 
classical solutions, monopoles, instantons, Seiberg-Witten analysis [461 ]. N = 4 dualities, 
AdS-CFT (47)], etc., but now from the perspective of 4 + 2 dimensions and using new tools 
in the context of 2T-physics. These will be explored in the future. 

As in the case of the non-supersymmetric Standard Model in 4 + 2 dimensions [14|, we 
expect that the supersymmetric version produces a shadow that includes certain constraints 
on the structure of the field theory in 3 + 1 dimensions that are not present in the usual 
approach in IT field theory. In particular generating masses for the fields is not as straight- 
forward as the ordinary IT approach, and it requires the coupling of the dilaton and hence of 
supergravity in d + 2 dimensions (see footnote (jSJ)). At this point gravity in 2T field theory 



has been constructed in d + 2 dimensions 



181 ]. One of our future goals is to supersymmetrize 



it and couple it to the N = 1,2,4 theories constructed in this paper. It is expected that the 
resulting structures will provide a number of constraints on SUSY theories that could be of 
phenomenological interest in case the LHC discovers supersymmetry. 

Another future direction is SUSY theories in d+2 dimensions with d 7^ 4. We remind the 
reader that N = 4 super Yang-Mills theory in 3 + 1 dimensions is a reduced version of N = 1 
super Yang-Mills theory in 9 + 1 dimensions. Therefore, from the point of view of 2T-physics, 
it is natural to expect that there must exist a SYM theory in 10 + 2 dimensions which can 
be compactified to our N = A SYM theory in 4 + 2 dimensions presented in this paper. Such 
a theory breaks the 11-dimensional barrier for SUSY, but becomes physical with the extra 
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gauge symmetries and constraints supplied by 2T-physics. This will be discussed in the near 
future in a paper on supersymmetric theory in higher dimensions which is currently under 
preparation. 

Acknowledgments 

We gratefully acknowledge discussions with S-H. Chen, B. Orcal, and G. Quelin. 



[1] I. Bars, C. Deliduman and O. Andreev, " Gauged Duality, Conformal Symmetry and Space- 



time with Two Times" , Phys. Rev. D58 (1998) 066004 [arXiv:hep-t h/9803188|. For re- 
views of subsequent work see: I. Bars, " Two-Time Physics" , in the Proc. of the 22nd 
Intl. Colloq. on Group Theoretical Methods in Physics, Eds. S. Corney at. al., World Sci- 



entific 1999, [arXiv:hep- th / 9809034 1 ; " Survey of two-time physics," Class. Quant. Grav. 18, 
3113 (2001) [arXiv:hep-th/0008164| ; " 2T-physics 2001," AIP Conf. Proc. 589 (2001), pp.18- 



30; AIP Conf. Proc. 607 (2001), pp.17-29 |arXiv:hep-th/0106021 1. "Lectures on twistors," 



arXiv:hep-th/0601091 



[2] I. Bars and C. Deliduman, Phys. Rev. D58 (1998) 106004, hep-th/9806085 



[3] I. Bars, "Two time physics with gravitational and gauge field backgrounds", Phys. Rev. D62, 
085015 (2000) [arXiv:hep-tfi/0002140] ; I. Bars and C. Deliduman, " High spin gauge fields 



and two time physics", Phys. Rev. D64, 045004 (2001) |arXiv:hep-th/ 0103042 1 . 
[4] I. Bars, C. Deliduman and D. Minic, "Supersymmetric Two-Time Physics", Phys. Rev. D59 
(1999) 125004, [arXiv:hep-th/9812161| ; "Lifting M-theory to Two-Time Physics", Phys. Lett. 



B457 (1999) 275, |arXiv:hep-th79 904063|. 
[5] I. Bars, " 2T physics formulation of superconformal dynamics relating to twistors and super- 



twistors," Phys. Lett. B 483, 248 (2000) |arXiv:hep-th/0004090|. "Twistors and 2T-physics," 



AIP Conf. Proc. 767 (2005) 3 , [arXiv:hep-th /0502065|. 
[6] I. Bars, "Twistor superstring in 2T-physics," Phys. Rev. D70 (2004) 104022, 
[arXiv:hep-th/0407239] . 

[7] I. Bars, "Conformal symmetry and duality between free particle, H-atom and harmonic oscilla- 



tor", Phys. Rev. D58 (1998) 066006 |arXiv:hep-th/9804028|; "Hidden Symmetries, AdS d xS n , 



22 



and the lifting of one-time physics to two-time physics", Phys. Rev. D59 (1999) 045019 
[arXiv:hep-th/9810025] . 



[8] S. Vongehr, "Examples of black holes in two-time physics," |arXiv:hep-th/9907077|. 

[9] I. Bars and M. Picon, "Single twistor description of massless, massive, AdS, and other in- 



teracting particles," Phys. Rev. D73 (2006) 064002 |arXiv:hep-th/0512091 1; "Twistor Trans- 
form in d Dimensions and a Unifying Role for Twistors," Phys. Rev. D73 (2006) 064033, 
|arXiv:hep-th/0512348| . 



[10] I. Bars, Lectures on Twistors, USC-06/HEP-B1, [arXiv:hep-th70 601091 1 . 

[11] I. Bars and B. Orcal, "Generalized Twistor Transform And Dualities, With A New Description 



of Particles With Spin, Beyond Free and Massless" , [arXjyi)704.0296 [hep-th]. 
[12] I. Bars, " Two-time physics in Field Theory" , Phys. Rev. D 62, 046007 (2000), 
[arXiv:hep-th/0003i00] ; 

[13] I. Bars and Y-C. Kuo, "Interacting two-time Physics Field Theory with a BRST gauge In- 



variant Action", Phys. Rev. D74 (2006) 085020, hep-th/0605267 



[14] I. Bars, "The standard model of particles and forces in the framework of 2T-physics", Phys. 



Rev. D74 (2006) 085019 arXiv:hep-th/0606045 1. For a summary see "The Standard Model 



as a 2T-physics theory", arXiv:hep-th/0610187, which appeared in Proc. of SUSY06: 14th 



Int. Conference on Supersymmetry and the Unification of Fundamental Interactions, Irvine, 
California, 12-17 Jun 2006, 
[15] I. Bars and Y.C. Kuo, ""Field theory in 2T-physics with N = 1 supersymmetry" Phys. 
Rev. Lett. 99 (2007) 41801 |arXiv:hep-th/0703002| | ; ibid. "Supersymmetric field theory in 



2T-physics," Phys. Rev. D76 (2007) 105028,. [arXiv:hep- th/0703002|. 
[16] I. Bars, S.H. Chen and G. Quelin, "Dual Field Theories in (d-l)+l Emergent Spacetimes from 
a Unifying Field Theory in d+2 Spacetime," Phys. Rev. D76 (2007) 065016 [arXiv: 0705 .28341 
[hep-th]]. 

[17] I. Bars, and G. Quelin, "Dualities among lT-Field Theories with Spin, Emerging from a 
Unifying 2T-Field Theory", Phys. Rev. D77 (2008) 125019 [arXiv: 0802 .19471 [hep-th]]. 

[18] I. Bars, "Gravity in 2T-Physics", Phys. Rev. D77 (2008) 125027 |arXiv:0804. 15851 [hep-th]]. 

[19] E. Witten, "Non-commutative geometry and string field theory," Nucl. Phys. B268 (1986) 
253. 

[20] M. Shaposhnikov and I. Tkachev, "The z^MSM, inflation and dark matter", Phys. Lett. B639 



23 



(2006) 414, [arXiv:hep-ph/0604236] . 
[21] [7] M. Shaposhnikov, "Is there a new physics between electroweak and Planck scales"?, 

larXiv:0708.3550 [hep-th]. 
[22] W. D. Goldberger, B. Grinstein and W. Skiba, "Light scalar at LHC: The Higgs or the 

dilaton?", [a rXiv: 0708 .14631 [hep-ph]] 
[23] J. Ramon Espinosa and M. Quiros, "Novel Effects in Electroweak Breaking from a Hidden 

Sector", Phys.Rev.D76 (2007) 076004 |arXiv:hep-ph/0701145| . 
[24] K. Meissner and H. Nicolai, "Conformal Symmetry and the Standard Model", Phys. Lett. 

B648 (2007) 312, [arXiv:hep-th/0612165| . 
[25] R. Foot, A. Kobakhidze and R. R. Volkas, "Electroweak Higgs as a pseudo-Goldstone boson 



of broken scale invariance," Phys. Lett. B655 (2007) 156 |arXiv:0704.Ti~65l [hep-ph]]. 
[26] K. Meissner and H. Nicolai, "Effective action, conformal anomaly and the issue of quadratic 

divergences", Phys.Lett.B660 (2008) 260 [arXiv:0710.2840l [hep-th]]. 
[27] R. Foot, A. Kobakhidze, K. L. McDonald and R. R. Volkas, "A solution to the hierarchy 

problem from an almost decoupled hidden sector within a classically scale invariant theory," 

Phys. Rev. D77 (2008) 035006 [arXiv: 0709 .27501 [hep-ph]]. 
[28] S. Weiberg, The Quantum Theory of Fields III, Cambridge University Press (2005). 
[29] PA.M Dirac, Ann. Math. 37 (1936) 429. 
[30] M. A. Vasiliev, JHEP 12 (2004) 046, [hep-th/0404"l24] . 
[31] H. A. Kastrup, Phys. Rev. 150 (1966) 1183. 
[32] G. Mack and A. Salam, Ann. Phys. 53 (1969) 174. 
[33] S. Adler, Phys. Rev. D6 (1972) 3445; ibid. D8 (1973) 2400. 
[34] S. Ferrara, Nucl. Phys. B77 (1974) 73. 

[35] F. Bayen, M. Flato, C. Fronsdal and A. Haidari, Phys. Rev. D32 (1985) 2673. 

[36] W. Siegel, Int. J. Mod. Phys. A3 (1988) 2713; Int. Jour. Mod. Phys. A4 (1989) 2015. 



[37] C. R. Preitschopf and M. A. Vasiliev, Nucl. Phys. B549 (1999) 450, [arXiv:hep-th/9 812113|. 

[38] R. Marnelius, Phys. Rev. D20, 2091 (1979). 

[39] R. Marnelius and B. Nilsson, Phys. Rev. D22 (1980) 830. 

[40] P. Arvidsson and R. Marnelius, "Conformal theories including conformal gravity as gauge 
theories on the hypercone" [arXiv:hep-th/ 0612060|. 



[41] I. Bars, "Duality and hidden dimensions", arXiv:hep-th/9604200, lecture in the proceedings of 



24 



the conference Frontiers in Quantum Field Theory, Toyonaka, Japan, Dec. 1995; I. Bars Phys. 
Rev. D54 (1996) 5203; I. Bars, Phys. Rev. D55 (1997) 2373; I. Bars, "Algebraic Structures 



in S-Theory" , |arXiv:hep-th7 9608061 . 



[42] C. Vafa, Nucl. Phys. B469 (1996) 403, arXiv:hep-th/9602022 



[43] CM. Hull, JHEP 9807 (1998) 021, |arXiv:hep-th/9806146 



[44] I. Bars and C. Kounnas, Phys. Lett. B402 (1997) 25; Phys. Rev. D56 (1997) 3664. 
[45] H. Nishino and E. Sezgin, Phys. Lett. B388 (1996) 569; E. Sezgin, Phys. Lett. B403 (1997) 
265. 

[46] N. Seiberg, and E. Witten, "Monopole Condensation, And Confinement In N=2 Supersymmet- 
ric Yang-Mills Theory", Nucl. Phys. B426 (1994) 19-52, |arXiv:hep-th/9407087| ; N. Seiberg, 
and E. Witten, "Monopoles, Duality and Chiral Symmetry Breaking in N=2 Super symmetric 



QCD", Nucl. Phys. B431 (1994) 484-550, [arXiv:hep-th /9408099|; W. Lerche, "Introduction 
to Seiberg- Witten Theory and its Stringy Origin", Nucl. Phys. Proc. Suppl. 55B (1997) 83- 
117, | arXiv:hep-th/9611190| 
[47] Juan M. Maldacena, "The Large N Limit of Superconformal Field Theories and Super- 



gravity", Adv. Theor. Math. Phys. 2 (1998) 231-252, [arXiv:hep-th /9711200|; Edward Wit- 
ten, "Anti De Sitter Space And Holography", Adv. Theor. Math. Phys. 2 (1998) 253-291, 
arXiv:hep-th/9802150|; Ofer Aharony, Steven S. Gubser, Juan M. Maldacena, Hirosi Ooguri, 
Yaron Oz, "Large N field theories, string theory and gravity", Phys. Rept. 323 (2000) 183-386, 
|arXiv:hep-th/9905111| . 



25 



